Abstract Nonalcoholic fatty liver disease begins with a relatively benign hepatic steatosis, often associated with increased adiposity, but may progress to a more severe nonalcoholic steatohepatitis with inflammation.
simple steatosis to hepatic cirrhosis (Adams and Lindor 2007) . NAFLD, characterized by the accumulation of hepatic triacylglycerol (TAG) is frequently accompanied by obesity (Youssef and McCullough 2002) , and hepatic steatosis is prevalent in approximately 17% of lean individuals and up to 70% of obese persons (Bellentani et al. 2000) . A proportion of patients go on to develop nonalcoholic steatohepatitis (NASH), characterized by inflammation and fibrosis; however, the risk factors that precipitate the progression from NAFLD to NASH remain incompletely understood (Wouters et al. 2008) , and the mechanism of progression from simple steatosis to a more severe pathology is still the subject of intense research activity. Several dietary macronutrients have been proposed to play a role in the development of hepatic steatosis (Lê and Bortolotti 2008) , in particular a diet enriched with Trans-fat and a high fructose corn syrup (HFCS) equivalent was shown to promote severe NAFLD and hepatic necroinflammatory changes in rodents (Tetri et al. 2008 ). Additionally, we have shown that Trans-fat (Collison et al. 2009a ) and HFCS (Collison et al. 2010 ) alter rodent hepatic and white adipose tissue gene expression, promoting upregulation of lipogenic gene transcription and the deposition of hepatic TAG. The majority of research into the etiology and pathophysiology of hepatic steatosis has been performed using small animal models; however, rodent models of progressive diet-induced liver disease have been disappointing for a number of reasons (Larter and Yeh 2008; Anstee and Goldin 2006; Ogasawara et al. 2011) , and there is still a need for additional models that may contribute to our knowledge of the factors associated with the development of hepatic fibrosis and more severe associated pathology. Alternative animal models examining the effects of dietary components on the development steatosis and fibrosis would be advantageous particularly if they contribute to our knowledge of changes in gene expression as a result of dietary manipulation.
The domestic cat has previously been shown to be an appropriate model for examining metabolic changes-associated human diseases such as diabetes (Hoenig 2006; Henson and O'Brien 2006) . Hepatic steatosis in the cat can occur as a result of simple obesity or during weight loss/ starvation resulting in lipid mobilization to the liver (Ibrahim et al. 2003) . Obesity is a risk factor for feline diabetes (Henson and O'Brien 2006) and feline hepatic steatosis (Crystal and Norsworthy 2007) ; and as with humans, overweight cats are becoming increasingly prevalent (German 2006) . Further similarities between feline and human diabetes include the development of insulin resistance, hyperglycemia, and pancreatic Islet cell lesions, together with partial loss of pancreatic b cells (Adams and Lindor 2007; Hoenig 2002) . In light of these similarities, cats have been proposed as an excellent model for the study of mammalian obesity and diabetes (Henson and O'Brien 2006) . However, despite these similarities, much less is known about the feline response to dietary manipulation, particularly its effect on feline hepatic steatosis, and more information would be desirable if the feline model is to be pursued as a viable alternative to the use of rodents in this respect.
Adulthood obesity can also be induced by neonatal treatment with monosodium glutamate (MSG) (Hermanussen and Tresguerres 2003; Alponti et al. 2011; RomanRamos et al. 2011; Hirata et al. 1997; Diniz et al. 2005 ), a commonly consumed food flavor enhancer that frequently occurs in so-called Western-style diets containing both Trans-fats and/or HFCS. In this well-characterized rodent model, MSG administered orally during the neonatal period has been shown to result in hyperinsulinemia and obesity (Hermanussen and Tresguerres 2003; Alponti et al. 2011; Roman-Ramos et al. 2011; Hirata et al. 1997; Diniz et al. 2005) . Additionally, subcutaneous injections of MSG given to infant mice results in liver changes similar to human NAFLD (Sasaki et al. 2009; Nakanishi et al. 2008) . The mechanism behind this is believed to involve glutamate-induced degeneration of those areas of the immature brain, which are insufficiently protected by a mature blood-brain barrier, including regions that regulate feeding and energy metabolism (Hermanussen and Tresguerres 2003; Diniz et al. 2005; Minor et al. 2011) . Interestingly, MSG-induced hypothalamic obesity is not accompanied by hyperphagia. Rather, the increased adiposity appears to be due to hormonal imbalance resulting in hyperinsulinemia together with growth hormone perturbations and atrophied pituitary glands (Hermanussen and Tresguerres 2003; Alponti et al. 2011; Roman-Ramos et al. 2011; Hirata et al. 1997; Diniz et al. 2005; Minor et al. 2011; Matyšková 2008) . Given the fact that maternal oral administration of MSG can result in detectable levels of glutamic acid accumulation in the fetal brain (Hermanussen and Tresguerres 2003; Nemeroff et al. 1978) , and that in rodents, the hepatotoxic effects of MSG may also be apparent even when administered orally (Yu et al. 1997) , it would be of interest to ascertain the effects of neonatal administration of dietary MSG in a higher animal model. It has previously been shown that intravenous injections of MSG promote the development of hypothalamic lesions in young cats (Tanaka et al. 1983 ); and we have previously shown that whereas neonatal exposure to MSG promotes a phenotype of increased feline adiposity and reduced insulin sensitivity, Trans-fat and HFCS feeding results in an apparent elevation in cortisol and markers of liver dysfunction (Collison et al. 2011 ). The present study seeks to further investigate the effect of Trans-fat, HFCS, and/or MSG on feline hepatic steatosis and gene expression.
Although feline microarrays are not yet available, the use of human microarrays for the examination of feline gene expression has previously been validated by Dowling and Bienzle (Dowling and Bienzle 2005) , who noted that feline genes generally have [85% sequence similarity to their human counterparts (Dowling and Bienzle 2005; Nishimura et al. 1998; Ritchey et al. 2001) . Our goal therefore was to compared the effects of four isocaloric diets on feline hepatic histology and gene expression, using a combination of partially hydrogenated vegetable shortening (PHVS) and HFCS to generate a Trans-fat (9%), HFCS (24%) diet. The effect of this diet was compared to an isocaloric standard chow, either in the presence or absence of dietary MSG (1.125%), in a model that we have previously established in rodents (Collison et al. 2009a (Collison et al. , 2010 , and more recently in cats (Collison et al. 2011) . We bred our study animals from female cats who were previously established on these separate diets for 3 weeks prior to mating, since some of the effects of MSG are believed to occur only during the neonatal period (Alponti et al. 2011; Roman-Ramos et al. 2011; Hirata et al. 1997; Diniz et al. 2005; Matyšková 2008; Nemeroff et al. 1978; Yu et al. 1997) , and because developmental programming of the metabolic syndrome may be affected by maternal nutritional balance (Armitage et al. 2004; De Campos et al. 2007 ).
Experimental procedures

Animals and diets
The breeding and care of the animals were in accordance with the protocols approved by the Animal Care and Use Committee of the King Faisal Specialist Hospital & Research Centre and by the Institutional Animal Care Committee of Guelph University with guidelines set forth by the Canadian Council on Animal Care. A total of 8 female domestic cats were used to breed the 18 male subjects used in this study, as previously described (Collison et al. 2011) . Briefly, heating and cooling were electronically controlled and were set to maintain the room in a temperature range from 18 to 25°C. The room ventilation was designed to provide approximately 15 filtered air changes per hour. Pen allocations for the cats provided each cat with a minimum of 0.56 square meters of personal space. All animals were routinely examined by a veterinarian at regular intervals throughout the study. Four isocaloric formulated feline diets manufactured by Test Diet Purina, Purina Mills, USA, were used in this study: [1] Control Laboratory Feline Diet (Control: catalog #5003).
[2] MSG diet consisting of Control laboratory Feline Diet with 1.125% added monosodium glutamate (Diet A: catalog #5C1J).
[3] Trans-fat/HFCS diet, consisting of a control diet with added 8.6% Trans-fat and 24% HFCS (Diet B: catalog #5B4K).
[4] Trans-fat/HFCS and MSG diet, consisting of a control diet with added 8.6% Trans-fat, 24% HFCS and 1.125% MSG (Diet C: catalog #5C1H). See Table 1 for diet composition. All diets contained approximately 30% animal-based protein and 0.2% taurine. Detailed descriptions of the ingredients in these diets are listed, by catalog number, with the manufacturer (http:// www.testdiet.com). The cats were fed twice a day for about an hour and were fed to meet their maintenance energy requirements (MER) estimated by the formula ''MER = 110 cal/day 9 (BW0.75)'' (Laflamme 2007) . Average MSG consumption as part of the diet A and C was 201.4 ± 18.65 mg/Kg body weight. A preliminary diet acceptability study was performed on the breeder animals over a period of 1 week, to ascertain that the diets were palatable, as previously described (Collison et al. 2011 ). Food consumption was monitored at every feed, and body weight was recorded at the beginning and end of the acceptability study. 2 female breeders per diet group were established on each of the four different diets for 3 weeks prior to mating, and the pregnant females continued on these diets throughout the gestation and weaning period. The male offspring from these four diet groups continued to consume their respective diets throughout the length of the study. Percentage body fat in the study subjects was assessed at 9 months of age by dual energy X-ray absorptiometry (DEXA) using the Lunar DPX-IQ densitometer (http:// www.gehealthcare.com Lunar Corp., Madison, WI), as previously described (Collison et al. 2011 ).
Biochemical measurements
Serum lipids, alkaline phosphatase (ALP), alanine transaminase (ALT), b-hydroxybutyrate (B-HBA), fasting serum insulin, and glucose were assessed at 9 months of age as previously described (Collison et al. 2011) . Briefly, a minimum of 3 ml of blood was collected from overnight fasted cats by venipuncture from either the jugular, cephalic, or saphenous veins using standard restraint techniques. Blood tubes were placed on ice and transported the same day to the reference laboratory (Advanced Vet Labs, Mississauga, Canada) for analysis. Additionally, serum samples were obtained at necropsy and frozen at -80°C. Serum TAG, T-CHOL, LDL-C, and HDL-C concentrations were measured in 9-month-old fasted cat serum using the Reflovet plus Instrument (Roche, F. Hofmann-La-Roche Ltd, Basel, Switzerland), according to the manufacturer's instructions. Fasting serum insulin was measured using the feline insulin ELISA kit from Mercodia (catalog 10-1233-01). Homeostatic Model Assessment Index (HOMA-IR) values, a measure of insulin resistance, were calculated according to the established formula: (fasting serum insulin lIU/ml) 9 (fasting serum glucose mM)/22.5 (Matthews et al. 1985) .
Liver histology and hepatic triacylglycerol (TAG) quantitation
At 9 months of age, animals were humanely euthanized formalin-fixed, paraffin-embedded liver sections from 9-month-old animals were processed, and 4 lm thick serial sections were cut and stained with Masson's Trichrome stain using standard laboratory protocols. Levels of hepatic TAG were quantified from snap-frozen tissue using the Triglyceride Determination Kit TRO100 with appropriate triacylglycerol standards (Sigma Aldrich, MO, USA) as described previously (Collison et al. 2009a (Collison et al. , 2010 .
Hepatic RNA isolation
Total RNA was prepared from snap-frozen liver tissue using Qiagen RNeasy Kit (Qiagen, USA) according to the manufacturer's instructions and stored at -80°C. RNA quality was verified using a 2100 Bioanalyzer instrument and an RNA 6000 Nano LabChip assay (Agilent Technologies, Palo Alto, CA). RNA concentrations were determined by absorption at 260 nm wavelength with an ND-1000 spectrometer (Nanodrop Technologies, Wilmington, DE).
Microarray hybridization
Gene expression in 18 liver samples was analyzed using 8 GeneChip (R) Human Gene 1.0 ST arrays representing 28,869 genes (http://www.affymetrix.com). We used 2 chips per diet group and applied pooled hepatic RNA from four to five cats per chip in duplicate. Targets were prepared, and microarrays were processed as described in the Affymetrix GeneChip Whole Transcript Expression Analysis manual using commercially available Affymetrix GeneChip WT cDNA Synthesis Kit, WT cDNA Amplification Kit, and WT Terminal Labeling Kit as per manufacturer's instructions. Briefly, approximately 300 ng of total RNA was used to synthesize double-stranded DNA with random hexamers tagged with a T7 promoter sequence. The cDNA was used as a template for in vitro transcription. In the second cycle cDNA synthesis, random primers were used in reverse transcription to convert the cRNA into single-stranded DNA, which was fragmented, labeled, and hybridized to the array for 17 h using the Fluidics 450 station. Arrays were scanned using the Affymetrix 3000 7G scanner and GeneChip Operating Software version 1.4 to produce. CEL intensity files. Array QA metrics were evaluated using the Affymetrix Expression Console software. This software also provided summary reports by which array QA metrics were evaluated including average background, average signal, and 3 0 /5 0 expression ratios for spike-in controls, b-actin, and GAPDH.
Expression array analysis
Microarray expression analysis was performed using the Partek genomic suite software version 6.3 (http://www. Partek.com, MO, USA). Probeset data were background adjusted and quantile normalized using the GC-Robust Multi-Array (GCRMA) algorithm. This normalization method is used to reduce discrepancies in hybridization patterns that might result from variables in target amplification, hybridization conditions, staining, or probe array lot. After normalization and elimination of variance based on noise at low expression levels, probesets were culled for redundancy where there were multiple probesets per gene. Statistically significant differences among the diet groups were identified using ANOVA. A false discovery rate (FDR) of 5% was applied. Probesets that satisfied the criterion of a P value B0.01 and a fold change C1.5 were considered to be significantly regulated for the post hoc comparisons diet A versus control, diet B versus control, and diet C versus diet B. The data were submitted to NCBI gene expression and hybridization array data repository (GEO, http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE30040.
Interaction network and pathway analysis Ingenuity Pathway Analysis (IPA) software (http://www. ingenuity.com, version 8.7; Ingenuity Systems, Redwood, CA) was utilized to determine the function ontology, possible biological pathways, and intermolecular networks between candidate genes that were differentially expressed in the liver by the various dietary regimens. Gene function ontology analysis identified the biological functions most significant to the data set. Right-tailed Fisher's exact test was used to calculate significance calculated for each function returned in the biological functional analysis. Genes in the data set were overlaid onto a global molecular network developed from information contained in the Ingenuity Knowledge Base. Networks of eligible biologically related genes were algorithmically generated based on their connectivity. The functional analysis of a network identified the biological functions and/or diseases that were most significant to the molecules in the network. In the networks created, each node represents a molecule and the biological relationships between them are depicted as lines. All relationships are based on information stored in the Ingenuity Knowledge Base, supported by at least 1 reference from the literature.
Real-time PCR quantification
Confirmation of microarray results was performed using quantitative real-time RT-PCR (qRT-PCR) of 10 of the significant differentially regulated genes for which the Felis catus mRNA sequence has been published ( Table 2) . Genespecific primers corresponding to the PCR targets were designed using primer 3 software available online. Preliminary real-time RT-PCR experiments were performed with each primer pair to determine the annealing temperature that yielded the greatest amount of specific product with melting temperature (Tm) separable from primer dimer Tm. Standard curves were prepared for each run using known quantities of cDNA as described previously (Collison et al. 2009a (Collison et al. , 2010 . Relative quantitation measurements were taken using external standard curves for both target and b-actin housekeeping gene. The 2nd derivative maximum method was used for ct calculation from amplification curves. The respective concentration for any given sample was calculated using crossing-cycle analysis provided by the LightCycler software. Real-time RT-PCR values for each target gene were calculated as a ratio of target gene expression level to the b-actin expression level in the same specimen. For comparisons with the microarray data, these values were then expressed as mean percentage ± SEM of real-time RT-PCR levels in the control diet group. Ratios of expressions among the diet comparisons and Pearson correlation coefficients (r) between the microarray data and the felis cattus RT-PCR data were calculated to determine concordance between them.
Statistical analysis
All analysis was performed using the software SPSS (Version 13.0, SPSS Inc, Chicago, USA) and GraphPad InStat version 3 (CA, USA). Data are presented as means ± SEM of body fat, clinical chemistry, serum lipid profile, and hormone measurements as previously described (Nemeroff et al. 1978) . Data were analyzed by one-way ANOVA with Bonferroni's post hoc tests to determine statistically significant difference between selected diet groups. Significance was set at P \ 0.05.
Results
Liver histology and body characteristics induced by diet
There was no significant difference in the averaged food intake and body weights between animals in the four dietary (Table 3 ). The livers from MSG diet group A cats had the appearance of increased steatosis (Fig. 1a, b) , which was reflected in a significant elevation in hepatic TAG content ( Fig. 1c , P \ 0.05). Conversely, the liver tissue from Transfat/HFCS diet B and C animals showed fibrous expansion of several portal areas with occasional portal-to-portal bridging, as indicated by Masson's Trichrome-stained liver sections (Fig. 1a, b) . The combination of Trans-fat/HFCS and MSG (diet C) resulted in an increase in hepatic TAG content compared to Trans-fat/HFCS alone ( Fig. 1c, P \ 0.05) . Despite the fact that there was no significant difference in the amount of food consumed (data not shown), total body fat was significantly higher in the diet A cats compared to animals on diets B and C (Table 3 , P \ 0.05). Fasting insulin and HOMA-IR values in diet group A cats were at least 2.4-fold higher than control and diet C groups, suggesting the development of insulin resistance in diet A animals (Table 3 , P \ 0.05). diet group B animals had twice the levels of serum alkaline phosphatase (ALP) and alanine transaminase (ALT) than animals in Group C (P \ 0.001), suggesting impairment of liver function in these cats. diet B animals also had the highest levels of serum creatinine (P \ 0.01). Additionally, serum cortisol levels were elevated in both diet groups B and C (P \ 0.0001).
Effect of the Trans-fat/HFCS diet on feline hepatic gene expression
In order to identify the subset of hepatic genes with a fold difference of ±1.5 or more for comparisons of cats fed the Trans-fat/HFCS diet versus control, we used the results from a 2-way ANOVA model described in the methods section and considered only the genes with a significance of P \ 0.01. We identified 1829 differentially expressed genes (DEGs:1078 upregulated and 751 downregulated) that were modulated by Trans-fat/HFCS. Figure 2 shows diet-induced modification of the expression of selected genes involved in lipid and carbohydrate metabolism, liver damage/regeneration, fibrosis, angiogenesis, and inflammation. Livers from Trans-fat/HFCS diet group B cats exhibited reduced expression of lipogenic DEGs including SREBF1, fatty acid synthase (FAS), and ATP citrate lyase (ACLY) all of which were attenuated by approx fourfold compared to control (P \ 0.05). This diet also decreased the expression of hepatic DEGs involved in cholesterol excretion such as the ATP-binding cassette transporters ABCG8 (2.1-fold) and ABCC3 (14-fold), and the ratelimiting enzyme in bile acid biosynthesis CYP7A1 (5.3-fold). Levels of hydroxy-3-methylglutaryl-CoA reductase (HMGCR), the rate-limiting enzyme for de novo cholesterol biosynthesis was reduced 4.7-fold; additionally, levels of HDL receptor and Apolipoprotein B were reduced by 3.7-and 2-fold, respectively, in diet B animals. Conversely, this diet upregulated the expression of lipolytic PPARD (1.8-fold) together with a number of DEGs involved in b-oxidation of fats including acyl-CoA synthetases (ACSF2 :1.9-fold; ACSL6: 1.6-fold, ACSBG2: 1.6-fold). The expression of genes participating in glycolysis and fructolysis was also upregulated by Trans-fat/HFCS feeding compared to control, including hexokinase, aldolase A Results are mean ± SEM Statistical significance for difference in means at P value \ 0.05 is denoted by different letters abc for the comparisons of control and diet C with diet A and diet B (both 2.8-fold), phosphoglycerate mutase PGAM2 and PGAM5 (2 and 1.5-fold, respectively), together with the facilitated glucose transporter SLC2A13 (1.7-fold). diet B also upregulate several genes that have been associated with liver damage/regeneration including glypican-3 (1.6-fold), heparan sulfate proteoglycan 2 (Perlecan; 5.3-fold), cytochrome c (7.2-fold), and a threefold rise in the expression of glutathione S transferases 1, 4 and 5 (Fig. 4 , P \ 0.05). In addition to the histological evidence that suggested increased hepatic fibrosis in diet group B cats, several collagen genes (for example, Col4a4, Col 5a3, Col6a2, Col6a3, and nine other collagen isoforms) were upregulated by approximately 2.5-fold in this diet group, together with a marked elevation in the expression of fibrosis-associated Synoviolin (Fig. 4) . Fibroblast growth factors (Fgf1 and Fgf20) were also elevated by 1.8-2.5-fold in these cats (P \ 0.05). Also promoted the expression of genes involved in angiogenesis, including hepatocyte growth factor (HGF, 1.5-fold), urokinase plasminogen activator (uPA, 3-fold) and sirtulin 1 (SIRT1, 3-fold). Evidence for the involvement of an inflammatory response to the Trans-fat/HFCS diet is shown by a fivefold upregulation of interleukin 2 (IL-2: 4-fold), Macrophage Scavenger Receptor 1 (MSR1, 5.5-fold) and chemokine (C-C motif) receptor 1 (CCR1, 5-fold). Figure 2 also shows that this diet upregulated genes involved in cell proliferation, such as the key proliferation marker proliferating cell nuclear antigen (PCNA; 4-fold), Indian hedgehog homolog (IHH, 1.9-fold), and anti-apoptotic X-linked inhibitor of apoptosis (XIAP; 5.7-fold). Additionally, the diet B increased the expression of several DEGs previously identified as upregulated in hepatocellular carcinoma (HCC) including v-rel reticuloendotheliosis viral oncogene homolog A (RelA, 3-fold), metastasis-associated MTA2 (2.5-fold) and smoothened homolog (SMO, 4.5-fold). Figure 3a shows the functional relationship network of a selection of DEGs relating to lipid metabolism (P \ 0.01).
Taken together, these results suggest that the Trans-fat/ HFCS diet reduced hepatic lipogenesis and upregulated the expression of genes relating to hepatic lipid metabolism, fibrosis, angiogenesis, and inflammation compared to control. Monosodium glutamate consumption alters feline hepatic gene transcription A completely different pattern of gene expression was apparent in the livers of MSG diet A animals, who also had elevated levels of hepatic TAG, serum insulin, and HOMA-IR. 2-way ANOVA analysis revealed a subset of 680 hepatic DEGs (234 upregulated and 446 downregulated), which were responsive to dietary MSG compared to control diet. The expression of glyceroneogenic DEGs including diacylglycerol acyltransferase (DGAT1) and acylglycerolphosphate acyltransferase 9 (AGPAT9) levels was both upregulated 1.8-fold (Fig. 2) . Glycerol kinase, which converts glycerol to glycerol-3-phosphate, the first substrate in the glycerol phosphate pathway for de novo TAG synthesis was also modestly (1.5-fold) upregulated in the MSG diet group compared to control. PCK1, an enzyme which converts oxaloacetate into phosphoenolpyruvate, was upregulated 1.8-fold, further suggestive of glyceroneogenesis in this diet group. Genes associated with lipid mobilization and storage, such as perilipin 2 and fatty acid binding protein 1 were upregulated 2-and 1.7-fold compared to control. A number of lipolytic DEGs were also upregulated in the livers of MSG diet cats, including carnitine palmitoyltransferase 1A (PLT1A; 3.8-fold), acylCoA dehydrogenase (ACAD11; 2.3-fold) hydroxysteroid (17-beta) dehydrogenase 2 (HSD17B2; 2.8-fold). However, expression levels of lipogenic transcription factor SREBP1 were unchanged in MSG diet cats compared to control, and other lipogenic genes such as ACLY, FAS, and HMGCR were slightly decreased, suggesting an inhibition in the pathway converting citrate into palmitoyl-CoA in MSG cats. MSG also doubled the expression of socs2 (suppressor of cytokine signaling 2) while halving IGF-1 expression, suggestive of impairment in the growth hormone axis.
MSG alters Trans-fat/HFCS-induced hepatic gene expression
In order to see how MSG could modify the Trans-fat/ HFCS-induced gene expression profile, we next identified a subset of 803 DEGs (345 upregulated and 458 downregulated), which showed significant changes in expression in the comparison of gene expression in the livers of diet C versus diet B cats. diet C further increased the expression levels of glyceroneogenic DEGs DGAT1, glycerol kinase (GK), AGPAT9, and PCK1 compared to control or diet B cats (Fig. 2) . Genes associated with cholesterol metabolism were also upregulated in the diet C animals including Cyp7a1, ABCC3, and ABCG8, which were increased 3-, 2.8-, and 2.3-fold over levels in diet B livers, respectively. SPEBF1 levels in the group C cats were 2.8-fold higher than group B, whereas expression of lipogenic FAS and ACLY was similar to those in diet group B. Interestingly, the expression of proliferation genes PCNA and XIAP was each reduced 3-and 2-fold compared to levels in diet group B, reducing them to control levels.
Confirmation of the microarray data using RT-PCR of feline mRNA
We performed RT-PCR on the pooled feline livers from the 4 diet groups, using primers designed from previously published sequences of ten Felis catus mRNAs, selected for biological relevance from the list of DEGs obtained from our microarray analysis. Table 2 indicated the accession number and sequence of these feline mRNAs. Pearson correlation coefficients between the microarray analysis and qRT-PCR were calculated. Ratios of expressions between the diet comparisons calculated from the microarray data set correlated well with the ratio calculated from the real-time PCR data (Fig. 3 , r = 0.78, P \ 0.0001).
Gene function ontology and interaction network analysis
The function ontology analysis of deregulated genes for specific diet comparisons was performed using the Ingenuity Knowledge Base. The biological functions assigned to the data set were ranked by significance (-log P value). Figure 4 shows the relevant biological function and toxicity analysis categories enriched by the data sets for the comparisons of interest [A] diet A versus control, [B] diet B versus control, and [C] diet C versus diet B. The most noteworthy cellular and molecular biological functions associated with the patterns of gene expression within these comparisons included lipid metabolism, cell-to-cell signaling, and tissue development (Fig. 4a) . Deregulated toxicological categories included liver fibrosis, cirrhosis, and proliferation (Fig. 4b) . Figure 5 shows graphical mapping and cellular location of a network of biologically relevant genes deregulated by diet, relating to hepatic steatosis and metabolic deregulation. Noteworthy, focus genes in this network included cell growth and proliferation gene MYC, the lipid-regulating transcription factor Srebf1, hepatocyte nuclear factor 4a (Hnf4a), and hepatocyte growth factor.
Discussion
The present results suggest that dietary manipulation prenatally and over the 9 months of life can markedly affect feline physiology and hepatic gene expression. The Fig. 3 Correlation of the ratios from the microarray and real-time PCR data set. Genes that differed significantly (P \ 0.01) in their regulation between the diet groups' microarray analysis were selected and validated with the same samples by real-time PCR analysis. Ratios of expressions between the diet comparisons calculated from the microarray data set correlated well with the ratio calculated from the real-time PCR data (r = 0.78, P \ 0.0001)
prevalence of obesity has increased in the human population over recent decades, and a similar increase has been observed in cats (German 2006) . In humans, obesity is strongly associated with fatty liver disease that has been extensively studied in various rodent models of dietinduced NAFLD (Collison et al. 2009a (Collison et al. , 2010 . Simple fatty liver disease is usually a benign condition; however, some individuals develop a progressively severe pathology involving fibrosis, inflammation, and cirrhosis, and the reason for this is not fully understood (Wouters et al. Anstee and Goldin 2006; Ogasawara et al. 2011) . It could be that exposure to the dietary risk factor was insufficient to induce progressive disease in these models; or that commonly studied strains of rodents such as C57BL/6J mice lack the genetic factors required for susceptibility to fibrotic and cirrhotic damage. Animal models which more closely resembled human pathology with respect to NA-FLD and NASH would be desirable, particularly in relation to gene expression modulation (nutrigenomics), which could become targets for therapeutic intervention in hepatic fibrosis and tissue damage. Since maternal nutrition during pregnancy affects many aspects of physiology and development of the offspring, including liver function (Chapman et al. 2000) , our model of diet-induced hepatic steatosis involved life-time exposure to the diets beginning in utero in order to mimic more closely the human situation. This manuscript describes a novel model using four different diet regimens that produced significant changes in the extent of hepatic steatosis and markers of fibrosis and liver damage between the study groups, together with significant changes in the expression of hepatic genes involved in lipid metabolism, fibrosis, inflammation, and tissue damage/ remodeling. Interestingly, Trans-fat/HFCS-fed cats in diet groups B and C had similar levels of body fat to those of control diet cats, and none of the diets resulted in hyperphagia. It has previously been shown that unlike rodents, cats are able to maintain body weight when allowed ad libitum access to palatable high-fat diets (Bradshaw et al. 1996) ; and it has been suggested that part of the mechanism by which this occurs is via an increase in fatty acid oxidation (Lester et al. 1999) . In support of these observations, we found that levels of hepatic transcription factor PPAR delta, implicated in promoting fatty acid catabolism (Cao et al. 2010) , were increased in cats in diet groups B and C. In order for beta-oxidation to commence, fatty acids must first be activated by an acyl-CoA synthetase that uses ATP to produce a reactive acyl adenylate, and we also found that several Acyl-CoA synthetases were upregulated in both these diet groups. Further hints at a mechanism, whereby our cats were able to maintain normal body weight and Different shaped nodes represent the functional class of the gene product. The position of the node represents the subcellular localization of the gene product. A total of 38 genes were represented in the network, with a number of focus genes with functions relating to transcription, growth and proliferation, and lipid metabolism lipid profile while consuming a diet enriched for Trans-fat/ HFCS is provided by the fact that the expression of lipogenic genes such as FAS and ACLY, together with major lipogenic transcription factor SREBP1C (Guillou et al. 2008) , were robustly downregulated in the livers of these animals. We also noted that the expression of genes involved in bile acid synthesis and efflux (Erickson et al. 2003) for example Cyp7a1, ABCG8, ABCC3/MRP3, cholesterol uptake (LDLR), transport (ApoB), and de novo cholesterol synthesis (HMGCR, HMGCS1) were all reduced in cats fed the Trans-fat/HFCS diet, and this may explain why these cats did not exhibit increased levels of serum cholesterol and hepatic TAG compared to control.
It has previously been suggested that hepatic enzymes in the cat are not particularly responsive to different dietary treatments (Rogers and Morris 1977) , and a separate study indicated that blood glucose levels failed to rise significantly in cats reared on various sugar and glucose diets compared to controls (Drochner and Muller-Schlosser 2008) . We found evidence of modest upregulation of hepatic genes involved in glycolysis and fructolysis in cats reared on the Trans-fat/HFCS diet, which did not appear to be sufficient to increase the hepatic TAG content in these animals. Conversely, accompanying the changes in the expression of genes involved in lipid metabolism, we noted an increase in the appearance of fibrotic deposits in cats fed the Trans-fat/HFCS diets. It has recently been shown that fructose and Trans-fat feeding in rodents promote the development of NASH together with fibrosis (Tetri et al. 2008; Kohli et al. 2010) ; and indeed, increased fibrosis has also been associated with human fructose consumption in patients with NAFLD (Abdelmalek et al. 2010) , similar to our present findings in cats. The proposed mechanism of this fructose-induced fibrosis is believed to occur via increased production of reactive oxygen species (ROS) and macrocytic infiltration, and we have previously shown that HFCS increases ROS activation in vitro, which could be attenuated by the antioxidant epigallocatechin gallate (Collison et al. 2009b ). Trans-fat/HFCS-containing diets also increased the expression of a number of pro-inflammatory feline genes including Alox15, the gene encoding for 12/15-lipoxygenase (12/15-LO), which we have previously found to be upregulated in the adipose tissue of high fructose-fed mice (Collison et al. 2010) . Targeted disruption of Alox15 protects hyperlipidemic mice from hepatic steatosis (Martínez-Clemente et al. 2010 ) and reduces the expression of inflammatory markers and chemoattractants associated with inflammatory cell infiltration, further indicative of a role for Alox15 in promoting hepatic inflammation. Additionally, we found an increase in the expression of chemokine (C-C motif) receptor 1 (CCR1), which has previously been shown to promote hepatic fibrosis (Seki et al. 2009) , and macrophage scavenger receptor 1(MSR1), indicative of macrophage infiltration. Fibrosis develops in response to chronic liver injury and is associated with an increase in the expression of hepatocyte growth factor (HGF) (Cramer et al. 2004 ), which we also found to be upregulated in animals exposed to Trans-fat/ HFCS. Hedgehog (Hh) ligand Indian Hh (Ihh), previously shown to be upregulated during hepatic fibrogenesis (Jung et al. 2010) , was also increased in diet B cats. The increase in HGF was accompanied by elevations in urokinase plasminogen activator (uPA) and proliferating cell nuclear antigen (PCNA), suggestive of an upregulation of genes involved in cellular regeneration in these felines. Moreover, the livers of these animals also exhibited increased expression of genes that have been shown to be upregulated in human hepatocellular carcinoma, including RelA (Tai et al. 2000) , glypican 3 (Wang et al. 2010) , and perlecan (Tátrai et al. 2010) .
The livers of cats in the MSG diet group A exhibited steatosis, which was accompanied by elevated fasting serum insulin and HOMA-IR levels. Insulin induces the expression of Socs2, a negative regulator of IGF1-related growth control (Greenhalgh et al. 2002) , and MSG diet cats exhibited a doubling in the expression of Socs2 together with a halving of the expression of IGF1, indicating the possibility of disruption of the growth hormone action in these animals. This would tend to support previous observations that MSG induces growth hormone perturbations in rodents (Hermanussen and Tresguerres 2003; RomanRamos et al. 2011) , accompanied by a reduction in serum IGF1 (Alponti et al. 2011; Fernandez-Tresguerres 2005) . IGF1 is derived mainly from the liver, and low serum IGF1 is associated with increased human hepatic steatosis (Völzke et al. 2009 ). Diet A cat livers had increased expression of a number of genes related to hepatic steatosis, including DGAT1 (Millar et al. 2006) , perlipin (Fujii et al. 2009 ), and fatty acid-binding protein 1. Interestingly, glycerol kinase expression was also upregulated in the livers of both MSG-containing diet groups A and C; and increased glycerol reutilization has previously been noted in the adipose tissue of MSG-treated rats (Dolnikoff et al. 2001) , where enhanced glycerol utilization has been suggested to contribute to the development of obesity in these animals. Glycerol can also provide a substrate for de novo hepatic TAG synthesis, during which glycerol kinase is required to convert glycerol into glycerol-3-phosphate for subsequent esterification into TAG. Taken together, our data suggest that MSG may elevate hepatic TAG via a mechanism that includes disruption of hepatic Socs2/IGF1 regulation and upregulation of steatogenic gene expression.
A combination of all 3 dietary manipulations (Trans-fat/ HFCS and MSG: diet C) resulted in a histological phenotype similar to the livers of Trans-fat/HFCS-fed animals, and significantly elevated hepatic TG content compared to that of diet B cats, together with elevated serum cortisol levels possibly suggestive of increased physiological stress (Carlstead et al. 1993) . Expression profile analysis revealed that diet C animals had a similar pattern of gene expression to that of diet B; however, some gluconeogenic genes were upregulated and the expression of a number of lipid storage genes was also modulated. Beyond the identification of individual hepatic genes affected by diet, our analysis focused on the characterization of biological functions associated with genes modulated by diet. Gene function ontology analysis suggested that the Trans-fat and HFCS diet most strongly deregulated the expression of genes relating to lipid metabolism. Our study concluded when the animals reached nine months of age. It is possible that more significant changes in gene expression might have emerged if exposure to the diets had continued for a longer period of time.
In summary, our data suggest that exposure to dietary MSG in utero and throughout the first 9 months of life may increase body fat, hepatic steatosis, and insulin deregulation compared to control. Conversely, exposure to dietary Trans-fat/HFCS promoted hepatic fibrosis and markers of heptocellular injury. Our microarray analysis of hepatic gene expression in these 4 groups of animals indicated deregulation of genes involved in hepatic lipogenesis, lipolysis, cholesterol metabolism, fibrosis, liver damage, and tissue regeneration, consistent with the phenotypes we observed. A further outcome from the present study is that these dietary manipulations may possibly have shed light on the nature of the genes involved in the induction of simple steatosis as compared to hepatic fibrosis, in this feline model. We therefore suggest that our experimental model of diet-induced hepatic steatosis is compatible with the use of Felis catus as model for mammalian metabolism in hepatic steatosis.
